PCC 7120 (Anabaena PCC 7120) is a filamentous, nitrogen-fixing cyanobacterium. Upon deprivation of combined nitrogen, about 5-10 % of the cells become heterocysts, i.e. cells devoted to N 2 fixation. Heterocysts are intercalated among vegetative cells and distributed in a semi-regular pattern, and adjacent heterocysts are rarely observed. Previously, we showed that the cell cycle could play a regulatory function during heterocyst development, although the mechanism involved remains unknown. As a further step to understand this phenomenon, we identified the oriC region for chromosomal DNA replication, located between dnaA and dnaN. The oriC region of Anabaena PCC 7120 was able to support the self-replication of a plasmid in the unicellular cyanobacterium Synechocystis sp. PCC 6803. Surprisingly, integration of the oriC region into the chromosome of Anabaena PCC 7120 through homologous recombination led to much slower cell growth in the absence of a combined-nitrogen source and to multiple contiguous proheterocysts after prolonged incubation. Real-time RT-PCR showed that expression of two heterocyst-related genes, hetR and hetN, was altered in these strains: hetR expression remained high 48 h after induction, and hetN increased to high levels after induction for 12 h. These results suggest that the balance between oriC and DnaA could be important for heterocyst development.
INTRODUCTION
The initiation of DNA replication is one of the most important events in the bacterial cell cycle. DNA replication starts at the replication origin, oriC, which contains several DnaA boxes and an AT-rich region. The DnaA protein binds to DnaA boxes and opens the DNA duplex at the AT-rich region, and then initiates the process of DNA replication (Messer, 2002) . In many bacteria, the DnaA box is an asymmetrical 9 bp recognition sequence: 59-TT A / T TNCACA-39 (Schaper & Messer, 1995) . Once the DNA duplex is open, the helicase complex, DnaB 6 -DnaC 6 , enters into the unwound region to prepare strand separation for later DNA replication. The interaction between DnaA and DnaA boxes is important not only for the initiation of chromosome replication but also for regulatory functions; for example, DnaA boxes located outside of oriC may serve as a sink for DnaA, providing a regulatory mechanism, among others, that is involved in preventing re-initiation of DNA replication (Boye et al., 2000) .
DnaA protein and DnaA boxes also play an important role in other events in addition to the cell cycle in bacteria. In Streptomyces, deletion of DnaA boxes causes early aerial growth and early sporulation of aerial hyphae, while extra copies of DnaA boxes cause an opposite effect (SmulczykKrawczyszyn et al., 2006) . In Escherichia coli, DnaA protein is also a transcriptional regulator; it is autoregulated, and interferes with the activity of other genes through DnaA binding at their promoter region (Messer & Weigel, 1997) . DnaA may either bind to a DnaA box downstream of the promoter region to block transcription, such as the mioC promoter in E. coli (Theisen et al., 1993) , or activate the expression of a gene such as fliC, through an as yet unknown mechanism (Mizushima et al., 1994) . In Bacillus subtilis, the sda gene is a checkpoint factor preventing sporulation at the onset of DNA replication, and upregulation of sda gene expression is dependent on the active form of DnaA (Veening et al., 2009) . (Mackiewicz et al., 2004) . In bacterial chromosomes, the leading strand has more G or T, while the lagging strand is enriched in amino bases (A or C) (Rocha et al., 1999) . However, the GC-skew method is poorly adapted to predict the oriC of cyanobacteria such as Anabaena sp. strain PCC 7120 (hereafter Anabaena PCC 7120) because their DNA asymmetry is disturbed by mutational pressure (Mackiewicz et al., 2004) and extensive chromosome rearrangements (Golden et al., 1985) . The distribution of DnaA boxes is the second method to predict DNA replication origins. Many bacterial replication origins contain several DnaA boxes, so the location of a cluster of DnaA boxes could be an indicator for the location of oriC. Finally, the location of dnaA and dnaN is the third method to predict DNA replication origins. In some bacteria, such as E. coli, oriC is located beside dnaA.
Very little work regarding oriC has been published for cyanobacteria. Gao & Zhang (2008) identified the locations of oriC for both the circular and the linear chromosomes in Cyanothece 51142 by bioinformatic analysis, and found that it is adjacent to the dnaN gene, but the function of this oriC has not yet been tested. Furthermore, we are interested in understanding the relationship between the cell cycle and heterocyst differentiation in the filamentous cyanobacterium Anabaena PCC 7120. Heterocysts are specialized in N 2 fixation, are induced upon deprivation of combined nitrogen, and are regularly intercalated among vegetative cells . The formation of heterocyst patterns is controlled by a variety of factors, and some mutants possess aberrant patterns, including the formation of heterocyst clusters, called Mch (multiple contiguous heterocysts) (Black & Wolk, 1994) . It has been proposed that the cell cycle could constitute a regulatory element that influences heterocyst development (Meeks & Elhai, 2002) . Previously, we found that there is a complex relationship among different events of the cell cycle in this organism (Sakr et al., 2006b) , and that inhibition of cell division suppresses heterocyst development (Sakr et al., 2006a) . We hypothesize that when the cell cycle is arrested, cells fail to reach a particular window in the cell cycle that is competent for the initiation of heterocyst differentiation. Several developmental mutants display phenotypes in cell shape, or cell division (Young-Robbins et al., 2010) , further demonstrating the interplay between the cell cycle and heterocyst development.
Among the genes identified for the development of heterocysts, hetR is a master regulator involved in both heterocyst differentiation and pattern formation (Buikema & Haselkorn, 1991 . The transcription of hetR can be detected as early as 30 min after nitrogen deprivation (Buikema & Haselkorn, 2001 ). Inactivation of hetR blocks heterocyst formation in a medium free of combined nitrogen, and extra copies of hetR on a plasmid result in the Mch phenotype (Buikema & Haselkorn, 1991) . In contrast to hetR, hetN is a negative regulator of heterocyst differentiation. The transcription of hetN is not detected until 12 h after deprivation of combined nitrogen (Bauer et al., 1997) . Overexpression of hetN blocks heterocyst differentiation, whereas depletion of hetN leads to the formation of a normal heterocyst pattern; with time, however, the Mch phenotype is observed, indicating that hetN is required for the maintenance of the heterocyst pattern (Callahan & Buikema, 2001) .
In this study we provide evidence that a region between dnaA and dnaN in the chromosome of Anabaena PCC 7120 can function as oriC, and supports the replication of an otherwise non-replicative plasmid, and that the existence of an extra copy of oriC leads to multiple contiguous proheterocysts (Mcp phenotype). These results further support the hypothesis that the cell cycle is involved in the regulation of heterocyst development.
METHODS
Bacterial strains, plasmids and genetic manipulation. Mineral medium BG11 containing nitrate was used to culture cyanobacteria, and combined nitrogen-free medium BG11 0 was used to induce heterocyst differentiation, as described by Zhang (1993) . E. coli strains were grown at 37 uC in Luria-Bertani medium in the presence of appropriate antibiotics. E. coli strain TG1 was used for all general cloning purposes (Sambrook et al., 1989) . To measure the growth curve of cyanobacteria, the OD 750 for all strains was adjusted to 0.02 at the beginning of growth measurement. pRL271V was constructed with the non-replicative vector pRL271 (Black et al., 1993) , as follows: the omega cassette was inserted as a 2.0 kb EcoRI fragment from pHP45V into the EcoRI site of pBlueScript to form pBSV (Prentki & Krisch, 1984) , then transferred as a PstI-XhoI fragment from pBSV between the PstI and XhoI sites of pRL271 to form pRL271V. The PCR primers for plasmid construction are listed in Table 1 . A 420 bp fragment starting from the last 91 bp of dnaA to a region of 86 bp upstream of dnaN was amplified as the oriC region by PCR with primers oriC-up and oriC-dw. A 4131 bp fragment starting from 893 bp upstream of dnaA to a region of 283 bp downstream of dnaN was amplified as the dnaA-dnaN region by PCR with primers dnaAN-up and dnaAN-dw (Fig. 2) . The resulting PCR products were cloned into pRL271V digested by XhoI and KpnI, to generate pRL271VoriC and pRL271VdnaA-oriC-dnaN, respectively. The region corresponding to that containing sacB, Cm r and Em r was removed from pRL271 in pRL271VoriC and pRL271VdnaA-oriC-dnaN, and these latter plasmids contained only the oriV and oriT elements from plasmid pMB1 originally used for the construction of pRL271 (Black et al., 1993) . Triparental conjugation of Anabaena PCC 7120 and selection of single recombinants were performed as described by Cai & Wolk (1990) and Elhai & Wolk (1988) . Triparental conjugation and transformation of Synechocystis PCC 6803, and selection of clones, were performed as described by Elhai & Wolk (1988) and Grigorieva & Shestakov (1982) . Genomic and plasmid DNA was isolated from Synechocystis PCC 6803 as described by Cai & Wolk (1990) and Tong et al. (2006) .
Southern blotting. Genomic DNA from mutants of Synechocystis PCC 6803 was isolated as described by Cai & Wolk (1990) , and 20 mg DNA was digested by PstI or XhoI. pRL271VoriC was also digested by the same enzymes as a positive control. DNA samples were then subjected to electrophoresis in a 0.7 % agarose gel and transferred to a Hybond-N + membrane by the capillary procedure with 206 SSC buffer (Southern, 1975) . The DNA fragments were fixed to the membrane by incubation at 80 uC for 2 h.
A 420 bp DNA fragment containing the oriC region of Anabaena PCC 7120, generated by PCR with primers oriC-up and oriC-dw, was
The oriC region in Anabaena labelled with digoxigenin-11-dUTP by the random priming procedure by using a DIG-High Prime kit (Roche). Hybridization and detection were performed with the DIG-High Prime DNA Labeling and Detection Starter kit (Roche), according to the supplier's instructions.
RNA isolation, and real-time quantitative RT-PCR. For analysis of expression kinetics, cells growing exponentially in BG11 were transferred into fresh BG11 0 medium, and samples were taken at different time points for RNA isolation. After culturing, all cell samples were rapidly chilled to 0 uC, spun quickly and flash-frozen in liquid N 2 before RNA extraction. RNA was prepared by the acidic hot phenol method (Schmitt et al., 1990) . The resulting RNA samples were treated with RNase-free DNase I (Takara) to eliminate contaminating DNA and checked by PCR to ensure that DNA was eliminated.
For real-time quantitative RT-PCR, a cDNA pool was synthesized by using a PrimeScript RT reagent kit (Takara), with 400 ng RNA and 5 mM random 6-mer primers in a reaction volume of 10 ml. Reverse transcription was performed at 37 uC for 30 min and then at 85 uC for 5 s to inactivate the reverse transcriptase. For real-time PCR analysis, 0.2 ml cDNA was used in a 25 ml mixture containing 0.2 mM specific primers (Table 1 ) and 12.5 ml SYBR Premix Ex Taq (Takara), by using an iQ 5 System (Bio-Rad). A control without cDNA was also included. Amplification was initiated at 95 uC for 1 min, followed by 40 cycles at 95 uC for 10 s, 55 uC for 15 s and 60 uC for 20 s. After amplification, melting-curve analysis was performed. The relative amount of transcript was calculated by using the Bio-Rad iQ 5 Optical System software based on the normalized-expression (DDC T , where C T is threshold cycle) method (Livak & Schmittgen, 2001 ). Transcript levels of target genes were normalized to those of the internal reference gene (rnpB) measured with the same samples (Vioque, 1997) .
Microscopy. A Zeiss AxioCam HRc digital camera mounted on a Zeiss Axio Imager A1 microscope was used to capture images. Filaments were visualized under 640 and 6100 objectives. Alcian blue was used to stain the polysaccharide layer of heterocysts (Gantar et al., 1995) .
RESULTS

Prediction of oriC in Anabaena PCC 7120 and comparison of the oriC regions in different cyanobacteria
Previously, prediction via the GC-skew method failed to identify clearly the oriC region from Anabaena PCC 7120 (Mackiewicz et al., 2004) . When searching for DnaA boxes in the chromosome of Anabaena PCC 7120, hundreds of DnaA boxes were found (data not shown), six of which were located in the intergenic non-coding region between dnaA and dnaN, and the DnaA box sequence was TTTTCCACA. The presence of a cluster of DnaA boxes in the immediate neighbourhood of the dnaA gene provides a good indication that this intergenic region (Messer, 2002) . Although only four of these cyanobacterial oriC regions have the dnaA-coding region in the immediate neighbourhood (Fig. 1) , interestingly, all of them, except T. elongatus BP-1, have the dnaNcoding region nearby. Thus, we constructed a phylogenetic tree by using DnaN sequences with the program Phylogeny.fr (Dereeper et al., 2008) in order to better compare the changes of the oriC regions during cyanobacterial evolution (Fig. 1) . The results showed that marine cyanobacteria have highly stable oriC regions, all of which are surrounded by dnaN on one side and thrC, encoding threonine synthase, on the other. In contrast, in freshwater cyanobacteria, even though almost all oriC regions have dnaN on one side, the genes adjacent to the other side of oriC vary almost from one strain to another. Thus, the less stable freshwater environment, as compared with the marine environment, has induced more changes at and around the oriC regions.
The predicted oriC region of Anabaena PCC 7120 supports plasmid autonomous replication in Synechocystis PCC 6803
To confirm that the predicted oriC region is indeed functional as an origin of DNA replication, we cloned either the putative oriC region or the entire dnaA-oriCdnaN region (Fig. 2) from Anabaena PCC 7120 into pRL271V, a vector modified from pRL271 (Black et al., 1993 ; see Methods) that does not replicate in Anabaena.
The two plasmids were named pRL271VoriC and pRL271VdnaA-oriC-dnaN, respectively. Both plasmids were transferred into Anabaena PCC 7120 by conjugation. After selection, both plasmids were found to be integrated into the chromosome through homologous recombination, as demonstrated by PCR (Fig. 2 ). Although these clones Fig. 1 . Organization of the predicted oriC regions in different cyanobacterial genomes. The phylogenetic tree, constructed with DnaN from different species of cyanobacteria, reveals two major branches: the upper branch is composed of freshwater cyanobacteria and the lower branch of marine cyanobacteria. The number of predicted DnaA boxes in the oriC regions is indicated. Except for Thermosynechococcus elongatus BP-1 (indicated by an asterisk), in which the putative oriC region is bordered by genes encoding proteins of unknown functions on both sides, all others have dnaN on one side, and the genes located on the other side of oriC are indicated on the right. Bar, 30 % sequence dissimilarity.
displayed interesting phenotypes (see below), the results showed that Anabaena PCC 7120 is not suitable to test the function of the oriC region from the same strain.
To resolve the problem of homologous recombination in Anabaena PCC 7120, we chose the unicellular cyanobacterium Synechocystis PCC 6803 as a host to test the functionality of the oriC region of Anabaena PCC 7120. For this, 0.5 mg of the plasmid pRL271VoriC was used for transformation into Synechocystis PCC 6803, or into the E. coli partner used for conjugation, and various numbers of clones were obtained on each plate after different experiments. As a control, conjugation or transformation with the parental plasmid pRL271V was not successful after several attempts, consistent with the lack of a functional origin of plasmid replication in this cyanobacterial host. To check whether the plasmid pRL271VoriC was maintained in Synechocystis PCC 6803 through autonomous replication, three strategies were used. In the first, total genomic DNA or plasmid DNA was isolated from the mutants of Synechocystis PCC 6803 and used to transform back into E. coli. Several clones were obtained on the plate after the transformation, and the plasmid was extracted from these clones and confirmed by DNA sequencing to be exactly the same as that originally used to conjugate into Synechocystis PCC 6803 (data not shown). One hundred clones were obtained on a plate when these DNA samples were used to transform into E. coli and then reconjugate into wild-type Synechocystis PCC 6803. In the second strategy used to determine whether pRL271VoriC was able to replicate in Synechocystis PCC 6803, we used PCR to examine the state of the plasmid in Synechocystis PCC 6803. Five overlapping DNA fragments, about 1 kb in length, were amplified by the first round of PCR (fragments 1-5, Fig. 3) . A second round of PCR amplified three overlapping DNA fragments (fragments 1, 6 and 7), which were 0.5, 3.1 and 2.5 kb in size, respectively (Fig. 3) . As a negative control, no DNA fragment could be amplified from the wild-type Synechocystis PCC 6803 under the same experimental conditions (data not shown). All these DNA fragments were confirmed by DNA sequencing. All these sequences, from both rounds of PCR, could be assembled into the original circular plasmid as pRL271VoriC, as depicted in Fig. 3 . Furthermore, the same experimental procedure confirmed the presence of the plasmid when reconjugated back into Synechocystis PCC 6803 (data not shown). In the last strategy, a DNA/DNA hybridization experiment was performed (Fig. 4) . Total DNA was isolated from three exconjuguants of Synechocystis PCC 6803 and digested by PstI or XhoI. pRL271VoriC was also digested by PstI or XhoI as a positive control. After hybridization, a DNA fragment of similar size was obtained from all these DNA samples. In Fig. 4 , only the results of one of the three clones is shown, but the other two clones gave the same results. As a negative control, no such DNA fragment could be seen from the DNA sample of wild-type Synechocystis PCC 6803. The same result with total DNA from transformants of Synechocystis PCC 6803 was also obtained by Southern hybridization (data not shown).
All these results indicate that pRL271VoriC can be maintained in this unicellular cyanobacterium by autonomous replication. Fragments 1 (2.5 kb, primers 3 and 4) and 2 (3.1 kb, primers 1 and 2) were amplified with template DNA from MoriC, and fragment 3 (4.7 kb, primers 1 and 2) with template DNA from MdnaAN. All DNA fragments were confirmed by DNA sequencing. M, DNA size marker (bp). The primers (1-6) used in these PCRs are indicated in Table 1 .
The presence of an extra copy of the oriC region leads to Mcp in Anabaena PCC 7120
We examined the phenotypes of the clones of Anabaena PCC 7120 obtained after integration of either pRL271VoriC or pRL271VdnaA-oriC-dnaN into the chromosome. The strains obtained with pRL271VoriC were denoted MoriC and those with pRL271VdnaA-oriC-dnaN were denoted MdnaAN. In each case, several independent clones obtained with different conjugation experiments were examined and showed similar phenotypes; thus, only the phenotype of one representative clone is described in detail here. All these strains grew approximately as rapidly as the wild-type when nitrate was supplied as a combined nitrogen source (data not shown). However, as compared with the wild-type, growth of MoriC and MdnaAN was very slow in medium lacking a source of combined nitrogen (Fig. 5) . Table 1 . The oriC region in Anabaena
We followed the process of heterocyst development after deprivation of combined nitrogen. In both MoriC and MdnaAN, heterocysts with polar granules similar to those observed in the wild-type were observed 24 h after induction of heterocyst differentiation, and the pattern of heterocysts appeared to be normal (Fig. 6) . After induction for 96 h, contiguous, partially differentiated cells could be observed in both MoriC and MdnaAN, with clusters of usually three contiguous proheterocysts in MoriC, and clusters of five to nine in MdnaAN (Fig. 6 ). These proheterocysts, without polar granules, generally appeared on both sides of the mature heterocyst and probably formed at 24 h after induction. The proheterocysts stained with Alcian blue, which stains the heterocyst-specific envelope polysaccharide (Fig. 6) . Given more time, these proheterocysts did not develop into mature heterocysts, and filaments fragmented.
Expression of hetR and hetN is affected in Anabaena PCC 7120 with an additional OriC
Because heterocyst development was disturbed in MoriC and MdnaAN, the expression profiles of hetR and hetN, both required for heterocyst development, were examined in these strains by real-time quantitative PCR (Fig. 7) . The hetR gene is a positive regulator and its expression level is intimately correlated with heterocyst frequency and pattern (Buikema & Haselkorn, 2001) ; hetN is a negative regulator and is required for the maintenance of the heterocyst pattern (Callahan & Buikema, 2001 ). In the wild-type, hetR was strongly induced by deprivation of combined nitrogen, reaching a peak at 12 h after induction, then decreasing to a low level; the expression level of hetN was only slightly induced by deprivation of combined nitrogen, reaching its maximal level around 24 h after induction (Fig. 7) . These results are consistent with published data (Buikema & Haselkorn, 2001; Callahan & Buikema, 2001) . In comparison with the results found in the wild-type, the transcription profiles of hetR and hetN were strongly disturbed in strains MoriC and MdnaAN. In MoriC, the hetR gene was gradually induced, with increasing expression levels over time, while in MdnaAN, it was induced strongly at the early phase of heterocyst development (Fig. 7) . In both strains, hetR expression levels remained high even 48 h after induction, in contrast to the results observed in the wild-type. In both MoriC and MdnaAN, hetN transcript levels remained low during the first 12 h, then increased to much higher values than that found in the wild-type (Fig. 7) .
DISCUSSION
In this study, we identified the oriC region in Anabaena PCC 7120 and found that it could indeed support the autonomous replication of an otherwise integrative plasmid in Synechocystis PCC 6803. A plasmid, bearing the oriC region, could be transferred into this unicellular cyanobacterium, and after extensive growth they could be isolated and were found to remain the same. It is likely that the copy number of pRL271VoriC is very low, because we never succeeded in visualizing its presence after extraction from Synechocystis PCC 6803 by electrophoresis. This plasmid could be developed into a useful genetic tool as a low-copy-number vector in this cyanobacterium, in addition to the RSF 1010-based vectors used in Synechocystis sp. PCC 6803 (Marraccini et al., 1993) . Our analysis indicated that almost all cyanobacterial oriCs are located adjacent to dnaN, which constitutes a reliable marker to predict oriC regions in other cyanobacteria.
We found that the oriC region integrated into the chromosome caused strong phenotypes in Anabaena PCC 7120. The 420 bp intergenic region is sufficient to produce the phenotypes. Although the initial pattern of heterocysts . Transcript levels were normalized to those of rnpB; the transcript level of cells at 0 h after deprivation of combined nitrogen was set to 1, and the other data were calculated based on this value. Error bars, SD of three independent experiments; the x axis represents time after deprivation of combined nitrogen, and the y axis represents the relative abundance of the transcript.
The oriC region in Anabaena at 24 h after induction appeared normal, incubation of these strains for another 24 h led to the formation of the Mcp phenotype around the first mature heterocyst. Whereas hetN depletion or hetR overexpression can lead to the Mch phenotype (Buikema & Haselkorn, 1991; Callahan & Buikema, 2001) , the developing cells found in MoriC and MdnaAN were only barely distinguishable from vegetative cells without staining with Alcian blue. Thus, these cells initiated the process of heterocyst differentiation, but failed to complete differentiation. Although the observation that the expression level of hetR remained high even at 24 h after induction is consistent with the formation of the Mcp phenotype, the fact that the expression level of hetN was also at a much higher level after 12 h induction, while it declined in the wild-type, seems to be in contradiction with this phenotype. Indeed, overexpression of hetN inhibits heterocyst differentiation (Callahan & Buikema, 2001) . One possible explanation may relate to the timing of expression of hetR and hetN in MoriC and MdnaAN. The increase of transcript levels of hetR precedes that of hetN by about 9 h (Fig. 7) , an observation particularly evident in MdnaAN. A too-high level of hetR expression may cause the initiation of clusters of developing cells, but this developing process may be inhibited by the later increase of negative regulators of heterocyst development, such as hetN, thus producing multiple contiguous proheterocysts.
It has been proposed that the cell cycle regulates heterocyst development (Kuhn et al., 2000; Meeks & Elhai, 2002) . When the cell cycle is blocked by inhibiting cell division, heterocyst development is suppressed (Sakr et al., 2006a) . Some mutants related to heterocyst development also show an aberrant cell shape or division pattern (Young-Robbins et al., 2010) . The DnaA protein not only initiates DNA replication but also regulates other aspects of cell activities, such as sporulation in B. subtilis (Veening et al., 2009) . The integration of the oriC region in strain MoriC of Anabaena PCC 7120 may disturb the balance between DnaA and its binding boxes on the chromosome, leading to a misregulation of the cell cycle, and may indirectly impact heterocyst development via the possible link between the cell cycle and heterocyst development. Alternatively, DnaA may directly regulate the expression of a gene(s) related to heterocyst differentiation, similarly to what happens in B. subtilis, and its titration by the presence of too many DnaA boxes on the chromosome may also lead to aberrant heterocyst development. Further studies are required to understand the exact mechanism underlying the phenotypes of MoriC.
